24 Ecosystem services are impacted through restricting service supply, through limiting people from 25 accessing services, and by affecting the quality of services. We map cumulative impacts to 8 26 different ecosystem services in coastal British Columbia using InVEST models, spatial data, and 27 expert elicitation to quantify risk to each service from anthropogenic activities. We find that 28 impact to service access and quality as well as impact to service supply results in greater severity 29 of impact and a greater diversity of causal processes of impact than only considering impact to 30 service supply. This suggests that limiting access to services and impacts to service quality may 31 be important and understanding these kinds of impacts may complement our knowledge of 32 impacts to biophysical systems that produce services. Some ecosystem services are at greater risk 33 from climate stressors while others face greater risk from local activities. Prominent causal 34 pathways of impact include limiting access and affecting quality. Mapping cumulative impacts to 35 ecosystem services can yield rich insights, including highlighting areas of high impact and 36 understanding causes of impact, and should be an essential management tool to help maintain the 37 flow of services we benefit from. 38 39 Keywords 40 Cumulative impacts, coastal ecosystem services, impact mapping, risk assessment, pathways of 41 impact, ecosystem service models 42 43 44 45 2 46
137 conditions (within the last 10 years) via an expert elicitation process. These risk scores were 138 calculated by expert derived estimates of risk criteria and criteria weights, then combined with 139 data on human activities and stressors generates impact scores. Fourth, we overlaid impact scores 140 with ecosystem service to assess the cumulative impacts of all available activities on each 141 service. The resulting maps allowed us to answer where ecosystem services were under greatest 142 impact, which ecosystem services were most impacted, and by what human activities or stressor. 143 The expert scores allowed us to distinguish impacts on ecosystem service supply from impacts 144 on service and value considerations. We compared maps of total impact with maps that only 145 incorporated impacts on ecosystem service supply to explore the importance of service and value 146 dimensions of ecosystem service risk. We used expert elicitation to estimate the risk of key 147 climate change and potential oil spills to ecosystem services in the future. To further explore how 148 ecosystem services across supply, service and value, we asked experts to detail the causal 149 pathways of impacts to ecosystem services. We detail each step below. 150 2.1 Spatial Representation of Ecosystem Services 151 We mapped eight different ecosystem services using InVEST models (17, 18), or, when the 152 models were unnecessary, using data on the extents of ecosystem services. The ecosystem 153 services we mapped were: commercial demersal fisheries, commercial pelagic fisheries, finfish 154 aquaculture, shellfish aquaculture, marine recreation, coastal aesthetics, coastal protection, and 155 potential wave and tidal energy generation. We modeled "potential" energy generation because 156 British Columbia currently does not have wave and tidal energy operations, but there is interest 157 in harnessing this energy supply.
158 The InVEST tool has tiered models for mapping ecosystem services based on different levels of 159 data availability. The highest tier InVEST models are capable of quantifying and calculating 160 monetary values of ecosystem services within the area that people use them (17). Due to data 161 limitations, we were prevented from modeling ecosystem services at the most refined tier, but we 162 could produce maps of the extent of human use of ecosystem services for all eight across coastal 163 BC. We used the base InVEST models for fisheries and recreation maps whereby overlapping 164 maps of different activities creates the resulting service model. We modeled coastal aesthetics 165 with InVEST by calculating the viewshed from sites of recreation and human habitation. This 166 model considers bathymetry and topography to calculate the viewshed. We modeled coastal 167 protection with InVEST by mapping the parts of the coast protected by vegetation, kelp, and 168 erosion-resistant substrate (not mapped are areas of the coast without protection). We did not use 169 InVEST to map potential renewable energy and aquaculture, as we opted to use instead the 170 publicly available spatial data on wave and tidal energy areas of interest along the BC coast, as 171 well as the locations of shellfish and finfish aquaculture. See the Appendix A for detailed 172 descriptions of ecosystem service model parameterization.
2.2 Spatial Representation of Impacting Activities
174 We assembled spatial data layers for 21 different activities and stressors, including activities and 175 stressors related to fisheries, coastal commercial industries, land based pressures, and climate 176 change impacts (these broad categories derived from (8), see Table S2 ). These spatial data layers 177 included the spatial range of each human activity and stressor, as well as the intensity of each 178 activity within its range (for example, how many ships were using a particular shipping lane).
179 Many human activities, such as fishing, are important ecosystem services while also contributing 180 impacts towards ecosystem services (30). Some categories are therefore represented in both 181 ecosystem services as well as activities and stressors that cause impact. We treat ecosystem 182 services as broad categories (such as demersal vs pelagic fisheries) and activities and stressors 229 services), and they provided responses for all ecosystem services they presumed themselves 230 experts on in BC. Risk estimates were compiled for commercial fisheries generally (instead of 231 demersal and pelagic commercial fisheries), and we elicited risk scores for commercial 232 aquaculture generally (instead of shellfish and finfish aquaculture) because the fisheries and 233 aquaculture experts indicated their expertise pertained to these ecosystem services across their 234 subcategories.
235 Experts were tasked with quantifying risk according to seven criteria, building on those used in 236 Teck et al. (29) . The criteria encompassed exposure (area of influence, frequency of impact and 237 recovery time, Table S4 ) and consequence (magnitude of impact on ecosystem service 238 production, ecological extent of impact, effects to access and effects to perceived quality, Table   239 S5). The consequence criteria include considerations across the ecosystem service cascade.
240 Impacts to supply dimensions are represented by magnitude of impact on service production and 241 ecological extent, impacts to service dimensions are represented by effects to access, and impacts 242 to value dimensions are represented by effects to perceived quality. Experts were instructed to 243 consider current risk of activities to ecosystem services (within the last 10 years). For potential 244 energy generation, only one expert provided these quantitative measurements (though others 245 provided other information on potential energy generation) so quantitative results for this 246 ecosystem service should be considered tentative, and future research should be taken to verify 247 findings here. For all other ecosystem services, there were ≥3 experts providing measurements, 248 consistent with expert input on previous cumulative mapping studies (4, 29, 35). While we 249 acknowledge that expert input can carry high uncertainty, expert input was the best option 250 present give that no empirical results exist as an alternative, though empirically quantifying 251 impacts to marine systems is a priority research area (35). Despite this limitation, there is an 252 established literature on using expert responses to inform decisions in contexts of limited data, 253 and the particular expert-based approach used in cumulative impact mapping was evaluated in 254 Teck et al. (29) and shown to be robust. Specifically for our study, risk criteria scores had 255 relatively low variation across experts (standard deviation was usually less than half of the mean, 256 and often less than a quarter of the mean for recreation, all fisheries, and all aquaculture).
257 Additionally, experts were provided opportunities to comment and disagree with aggregated 258 results, but in all ecosystem services, experts were satisfied with the results. Taken together (low 259 variation across experts and no further refinement by experts), these results indicate that expert 260 scores were relatively stable. See Table S7 for a summary of expert scores for the seven criteria 261 across impacting activities for each ecosystem service. To partially assess future risks to ecosystem services, experts were asked to quantify risk to two 277 global stressors and one regional stressor of high concern, given the changing climate and 278 development trajectory of British Columbia. These measures of future risk were not included in 279 the cumulative impact maps, as the maps only included risk estimates for current activities and 280 stressors that cause impact. Experts were asked to quantify risk from sea surface temperature rise 281 and ocean acidification according to projections for the year 2100 (3°C increase and 0.3 pH 282 decrease, respectively, (36), and to quantify risk from a major oil spill (>40 000 m 3 , (37)). All 283 risk scores were normalized so that the resulting expert scores were scaled between 0 -1. These 284 future risks were not incorporated into the cumulative impact maps. 366 increase for recreation (2.50), followed by potential renewable energy generation (2.07), coastal 367 protection (1.97), commercial demersal fisheries (1.70), commercial pelagic fisheries (1.69), 368 aesthetics (1.42), finfish aquaculture (1.28), and shellfish aquaculture (1.19). The only case 369 where considering impacts on service and value dimensions did not add to impact estimates was 370 the impact of shellfish aquaculture on itself (Figure 2) . 371 3.4 Future Risk 372 Considering future impacts, experts perceived that some ecosystem services are at greater risk 373 from some future climate stressors than potential major oil spill, while others are at greater risk 374 from potential major oil spills (Figure 4) . Aesthetics, coastal protection, and potential energy 375 generation were all perceived to be at higher risk from a major oil spill on the coast, and face no 376 risk from future sea temperature or ocean acidification. Coastal protection and potential energy 377 generation were perceived to be at high risk from sea level rise, but we did not have spatial data 378 for this stressor so we do not represent it here. In contrast, fisheries, aquaculture, and marine 379 recreation all appeared to be at higher risk from future ocean acidification and sea surface 380 temperature rise, and particularly ocean acidification. Figure 5 ). For exposure 388 criteria, experts considered the spatial extent of individual occurrence of activities to be most 389 important, followed by the recovery time of an ecosystem service to an impact, and finally the 390 frequency at which an ecosystem experiences an activity. For consequence criteria, experts 391 considered the magnitude of change to the biophysical processes that produce the ecosystem 392 service to be most important, followed by how the perceived quality of an ecosystem service 393 changes in response to an impacting activity, the extent to which the environment is impacted 394 (from individual species to entire ecosystems), and finally the changes to access to an ecosystem 395 service. However, simple rankings mask the finding that experts perceived all criteria to 396 contribute non-trivially to risk (the best model estimated frequency to contribute 20% to 397 exposure, and access to contribute 19% to consequence), and that there was a diversity of 398 weights considered across our experts ( Figure 5 ), reflecting that some experts considered service 399 and value dimensions of ecosystem services to be more important than biophysical supply 400 components. Figure 6 ). Across all types of impact, including fisheries 406 impacts, coastal commercial activities, land based activities and climate stressors, some 407 ecosystem services have consistent impact pathway types. Most aesthetics experts suggested that 408 impact pathways to aesthetics are direct, with some specifically suggesting that the physical 409 footprint of the activity is often all that matters for aesthetics. Renewable energy potential was 410 an ecosystem service that many experts suggested was not affected by any activity or stressor, 411 though a sizeable minority suggested that fisheries affect it directly through restricting access, 412 and that climate change affects it both directly and indirectly through changing sea levels and 413 affecting energy demand (which affects the infrastructural needs and suitability of locations for 414 energy sites). Coastal protection was most often thought to be directly affected by activities 415 through physical damage to kelp and seagrass beds and through pollution, and some suggested 416 that recreational fishing vessels crowd estuaries and fjords, destroying habitat that support wave 417 attenuation, and themselves generate additional wake that can risk coastlines. Most experts 418 suggested that aquaculture is predominantly directly affected by some activities (such as land 419 based runoff) but indirectly through others (such as invasive and disease spread from fishing 420 vessels and ships), as well as directly and indirectly from sea temperature and ocean acidification 421 affecting the harvested species as well as organisms that they feed on. 433 results indicate that consideration of service and value dimensions does not greatly affect a 434 relative understanding of impact across ecosystem services: only considering ecosystem service 435 supply generated similar ranks or ecosystem services facing greatest impact and highlighting 436 hotspots of impact. Our results may be interpreted to suggest that impact maps of ecosystem 437 services that only consider supply dimensions may accurately generate conclusions about what 438 services face greatest impact and where they face greatest impact. However, considering service 439 and value dimensions set the scope of which services are considered for impact assessment (by 440 determining which services are most valued) and their spatial boundaries (because people do not 441 benefit from ecosystem services throughout their entire range of biophysical production).
442 Additionally, ours is an initial investigation into the importance of service and value dimensions 443 for ecosystem service impact, and expert scores of risk criteria may fail to emphasize service and 444 value dimensions because of two important biases. First, many of the experts taking part in our 445 survey have ecological and biophysical training. Second, most prominent frameworks of 446 ecosystem service change represent impacts as mediated solely through the biophysical 447 community (19, 21, 22), which may affect how experts think about impacts. In cases where there 448 are important impacts that overwhelmingly impact ecosystem services through service and value 449 dimensions, excluding these dimensions may lead to different rankings of threatened ecosystem 450 services and different map hotspots. Determining how prevalent these cases are in different 451 settings remains to be seen. Regardless of understanding relative impact, our results indicate that 452 studies based only on supply dimensions may underrepresent the processes that generate impact 453 to ecosystem services. Considering the ecosystem service cascade from service supply through 454 service delivery through satisfying values (15) may lead to a more detailed understanding about 455 impacts and potential responses to these impacts.
4.2 Mapping Ecosystem Services Allows for Insights Not Afforded by Mapping Habitats

